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Abstract

We fabricated a terahertz (THz) voltage-controlled
oscillator (VCO) using a resonant tunneling diode
(RTD) integrated with a varactor diode and measured
the frequency dependence of the RTD VCO with a DC
sweep from -4 to +0.8 V. A wide and abrupt frequency
tuning of 130 GHz (600-730 GHz) was obtained when a
forward-biased voltage (from +0.4 to +0.8 V) was ap-
plied to the varactor diode. The wide frequency tuning
was achieved using an admittance change in se-
ries-connected air-bridge inductance and the for-
ward-biased varactor diode.

1. Introduction

In the terahertz (THz) frequency range, spectroscopy is
an important application using the specific absorption spec-
tra of a variety of molecules [1], [2]. If semiconductor THz
sources with a wide frequency tuning range exist, very
compact spectroscopic chips without external sources can
be developed, and this would simplify the design of sys-
tems for THz spectroscopy. Quantum cascade lasers with a
tuning range of ~10% have been reported [3]. However,
low-temperature operation and a complicated mechanical
tuning system were required for these lasers. Volt-
age-controlled oscillators (VCOs) that use high-speed tran-
sistors in the terahertz range have also been studied [4].
Although the VCO can operate under room-temperature
conditions, the tuning range is less than 5%. Resonant tun-
neling diodes (RTDs) are good candidates for compact THz
sources oscillating at room temperature [5]. We proposed
and fabricated RTD VCOs and achieved frequency tuning
by varying the capacitance of the integrated varactor diode
under reverse-bias conditions [6]-[8]. In this study, we
measured the frequency dependence of the RTD VCO on
the forward-bias voltage of the varactor diode and achieved
wide frequency tuning of 130 GHz. The tuning mechanism
is briefly described.

2. Experimental Results and Discussion

Figure 1(a) shows a schematic illustration of the struc-
ture of the RTD VCO. Microphotographs of the RTD VCO
are shown in Fig. 1(b). An AlAs/InGaAs double-barrier
RTD and varactor diode mesas were integrated into the slot
worked as a cavity and an antenna. The RTD has a negative
differential conductance (NDC) that is used for terahertz

oscillation. The varactor diode consists of three layers:
p'-InGaAs (1x10* ecm™, 100 nm)/n-InGaAs (6x10'® cm”,
400 nm)/n"-InGaAs (5x10" ¢cm™, 100 nm). An InGaAs
abrupt-junction varactor diode was employed, and these
layers were grown on the RTD layer. The depletion layer
only extends into the n-InGaAs layer when a reverse-bias
voltage is applied because the doping concentration in the
p-InGaAs is much higher than that in n-InGaAs layer. The
capacitance and series resistance of the varactor diode de-
crease as the reverse-bias voltage increases. Two met-
al-insulator—metal (MIM) capacitors were formed on each
side of the slot antenna and were connected to the RTD and
varactor diode mesas. These MIM capacitors shunt the te-
rahertz wave to form a standing wave in the slot while it is
opened at the direct current for biasing. The RTD and va-
ractor diode can be operated with different bias voltages
using the separated electrodes. The bottom electrodes for
the RTD and varactor diode are common. In this study, we
fabricated a RTD VCO with a 19-um-long slot antenna, a
1.1-pm’ RTD mesa, and a 8-pum? varactor diode mesa.
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Fig. 1 (a) Schematic structure of the RTD VCO, and (b) micro-
photographs of the fabricated device.
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We measured the tuning range of this RTD VCO with a
DC sweep from —4 to +0.8 V. Figure 2 shows the depend-
ence of the oscillation frequency of the RTD VCO on the

- 1036 -



bias voltage to the varactor diode. In the reverse-bias volt-
age (DC sweep from —4 to +0.4 V), the oscillation fre-
quency decreased from 680 to 600 GHz. On the other hand,
the oscillation frequency increased steeply from 600 to 730
GHz with the forward-bias voltage (from +0.4 to +0.8 V).
V-shaped tuning characteristics were obtained, and wide
frequency tuning with the forward-biased varactor diode
was achieved compared to the reversed-bias operation.
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Fig. 2 Dependence of the oscillation frequency on the bias voltage
from -4 t0 0.8 V.
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Fig. 3 Equivalent circuit of the RTD VCO in the THz range. Air
bridge inductance is connected in series with the varactor diode.

The tuning characteristics can be explained qualitative-
ly by the variation in the impedance of the varactor diode
due to the bias direction. Figure 3 shows the equivalent
circuit of the RTD VCO in the THz range. G,y Lan, and
C.n are the radiation conductance, inductance, and capaci-
tance of the slot antenna, respectively. Grrp and Crrp are
the NDC and capacitance of the RTD, respectively. Ly is the
inductance of the air bridge between the varactor mesa and
the MIM capacitor. Z, is the impedance of the varactor di-
ode mesa, which is connected in series with L. An oscilla-
tion is obtained when Ggrp compensates for the resonator
losses. The oscillation frequency is determined by the con-
dition that the imaginary part of the total admittance of the
whole circuit is equal to zero. In the reversed-bias condition,
the depletion layer of the varactor diode is extended, and Z,
is thus capacitive and is expressed as 1/jwC,, whereas C, is

a variable capacitance due to the depletion layer of the va-
ractor diode. The impedance of 1/j@C, is high compared to
joLy, and the total admittance Y, is almost equal to joC.
Frequency tuning can be obtained by variable capacitance
C, with reversed-bias voltage. We have reported on an RTD
VCO that uses this conventional mechanism [6]-[8]. In the
forward-bias condition, the varactor diode depletion layer
becomes thin and vanishes, and diode current flows.
Therefore, Z, can be expressed simply as R,, whereas R, is
a variable diode resistance. In this condition, Y, can be
expressed as 1/(R, + jwLy). The imaginary part of Yy, of
fja)Lb/(sz + a)szz) can be controlled by the variable re-
sistance R,, and frequency tuning in the forward-bias direc-
tion was achieved by this mechanism.

3. Conclusions

We fabricated an RTD VCO integrated with a varactor
diode and measured the frequency dependence of the RTD
VCO with a DC sweep from -4 to +0.8 V. A wide and ab-
rupt frequency tuning of 130 GHz (600-730 GHz) was
obtained when a forward-bias voltage (from +0.4 to +0.8
V) was applied to the varactor diode. The tuning mecha-
nism in the forward-bias direction was briefly explained
using an equivalent circuit model.

Acknowledgements

The authors thank Emeritus Professors Y. Suematsu
and K. Furuya of the Tokyo Institute of Technology for
their continuous encouragement. We also thank Professors
S. Arai and Y. Miyamoto and Associate Professors M.
Watanabe and N. Nishiyama of the Tokyo Institute of
Technology for fruitful discussions and encouragement.
This work was supported by Scientific Grants-in-Aid from
the Ministry of Education, Culture, Sports, Science and
Technology, Japan; the Industry—Academia Collaborative
R&D Program of the Japan Science and Technology
Agency, Japan; and the Strategic Information and Commu-
nications R&D Promotion Programme (SCOPE) of the
Ministry of Internal Affairs and Communications.

References

[1] M. Tonouchi, Nat. Photonics, 1,97 (2007).

[2] C. A. Schmuttenmaer, Chem. Rev. 104, 1759 (2004).

[3]1 Q. Qin, J. L. Reno, and Q. Hu, Opt. Lett., 36, 692 (2011).

[4] U. R. Pfeiffer, Y. Zao, J. Grzyb, R. A. Hadi, N. Sarmah, W.
Forster, H. Riicker, and B. Heinemann, Int. Solid-State Circuit
Conf., San Francisco, USA, 14.5, Feb. (2014)

[5] T. Maekawa, H. Kanaya, S. Suzuki, and M. Asada, Electron.
Lett. 50, 1214 (2014).

[6] S. Kitagawa, S. Suzuki, and M. Asada, J. Infrared, Millimeter
Terahertz Waves, 35, 445 (2014).

[71 S. Kitagawa, S. Suzuki, and M. Asada, [EEE Electron Dev.
Lett. 35,1215 (2014).

[8] S. Kitagawa, S. Suzuki, and M. Asada, Int. Symp. Frontier
Terahertz Sci., Okinawa, Japan, Poster-30, Aug. (2014).

- 1037 -



